An optical method to determine the nanostructure and the morphology of porous thin films is presented. This procedure is based on the response of a side-polished optical fiber with the film under study, when an adsorption-desorption cycle is carried out. Spectroscopic ellipsometry provides additional information about the optical properties and adsorption behavior of the film. Pore size distribution, anisotropy, and inhomogeneity of films can be determined by use of these two complementary techniques. To check the performances and suitability of the optical method, we have characterized a typical porous material: a TiO 2 film deposited by evaporation. Water vapor has been used for the adsorption cycles. The well-known columnar structure of the evaporated TiO 2 has been evidenced, and the relation between the nanostructure and the optical properties of the film is showed.
Introduction
The nanostructure of materials determines their optical properties and behavior ͑i.e., refractive index and stability under different environment conditions͒. This fact has great importance in the design and manufacturing process of optical coatings. To predict the response of optical devices such as inteferencial filters or antireflection coatings, it is necessary to know their nanostructure and the repercussion in their optical features. In addition, knowledge of the relations between the optical properties and the nanostructure of films is useful to develop optical sensors.
The nanostructure of thin films ͑also called microstructure in the literature͒ deposited by evaporation techniques has been extensively described, and many studies have been carried out to understand the growth process and the influence of the deposition conditions on the properties of the coatings. 1, 2 Cross sections of micrographs from scanning electron microscopy and transmission electron microscopy have provided direct information about the nanostructure of the multilayer systems, although many other techniques have been utilized to characterize films ͑x-ray diffraction, electron diffraction, Auger electron spectroscopy, x-ray fluorescence, etc.͒. It is currently known that most evaporated films are formed by a nanostructure composed of nanometric-size columns, amorphous or crystalline. The compactness ratio and the direction and size of columns are determined by conditions present during the evaporation process.
The temperature of the substrate is a determining parameter of the nanostructure of the film. Movchan and Demchishin 3 observed that the morphology of the structure was connected to the ratio of the substrate temperature to the melting point of the deposited material: the normalized temperature T s ͞T m . Three zones were distinguished with different structure properties depending on normalized temperature. Zone 1 films ͑T s ͞T m Ͻ 0.3͒ show a columnar morphology with domed tops that are separated by voided boundaries. Zone 2 films ͑0.3 Ͻ T s ͞T m Ͻ 0.5͒ consist of columnar grains separated by distinct, dense, intercrystalline boundaries and low superficial roughness. Zone 3 films ͑0.5 Ͻ T s ͞T m Ͻ 1͒ consist of equiaxed grains with a bright surface. This structure zone model ͑SZM͒ was revised by Thornton 4 to include sputtering and gas pressure as parameters. Messier et al. 5 found that the physical structure evolves when the thickness is increased. The columnar structures usually have a conical shape, and they result from a competitive growthdeath process. Therefore the SZM has three parameters: substrate temperature, bombing gas pressure, and thickness. All of them are linked to the mobility of atoms that are added to the structure. Ballistic aggregation theories are a powerful method for understanding the common growth mechanism in the preparation of evaporated films. 6, 7 The well-known columnar structure of evaporated films is a clear example of optical anisotropy and inhomogeneity induced by a typical nanostructure. Films evaporated at normal incidence are expected to have uniaxial birefringence with the optical axis parallel to the columns' direction. These anisotropic coatings have been studied, and interesting theoretical and empirical results have been obtained. 8 -10 The characterization of the inhomogeneity of the optical constants of films that is produced by the variation of the packing density with the thickness has also been considered in many studies. [11] [12] [13] [14] The columnar nanostructure is a porous structure in which voids appear between clusters of molecules and between columns. Through the introduction of theoretical models of the multilayer systems and taking into account a dependency of the refractive index on the layers' thicknesses, it is possible to extract accurate information about the optical properties of thin films.
Another consequence of the films' porosity is the influence of relative humidity ͑RH͒ on the optical properties. The effective refractive index of materials will change with water adsorption in the porous nanostructure. 15 Hence the change of the optical constants will depend on the size and the shape of the pores. 16 It is necessary to have nondestructive inspection methods to determine optical constants of the film and to predict their dependence on the film's nanostructure.
In this paper a method to characterize the nanostructure of a film is presented. A novel, to our knowledge, procedure for determining the pore size distribution of the layer by use of side-polished optical fiber ͑SPF͒ 17 is introduced; the procedure is based on adsorption isotherms. 18 A complete optical analysis of the film is carried out when the results obtained from the SPF device and from ellipsometric measurements are contrasted. The analysis permits the establishment of a relation between the film's nanostructure and its optical behavior. For transparent materials, spectroscopic ellipsometry is sensitive to changes in the refractive index that occur along the thickness of the film. Hence this technique provides information about the global properties of the film: pore size distribution, refractionindex profile, and roughness. 16,19 -22 In addition, a SPF device with the film under study acting as overlayer provides information about local properties of the film in the area that is closest to the fiber core: local pore size distribution and local optical properties. This is due to the high sensitivity of these devices to refractive-index changes in the fiber-film interface.
Because TiO 2 is a high-refractive-index material widely used in optical coatings, a film of evaporated titania has been chosen to perform a verification of the nanostructure determination procedure.
Theory

A. Side-Polished Fiber Devices
These systems are composed of two elements: an optical fiber whose cladding has, partially or completely, been removed and a film deposited over the SPF. The transmission response of these devices is determined by the evanescent coupling of the light from the fiber to the film. The fiber's guided mode is evanescent in the film ͑decreasing exponential function͒, and it makes the device sensitive to the properties of the film only in the interaction area in contact with the fiber core. When the effective index of the fiber's guided mode is equal to the effective index of the highest-order mode of the waveguide overlay, the phase-matching condition is satisfied. The spectrum wavelengths of the light transmitted by the optical fiber, which satisfy this phasematching condition, will be coupled to the waveguide overlayer, and therefore they will become attenuated in the transmission signal. These wavelengths are called resonances. Owing to the dependence of the effective index of the film's guided modes on the thickness and the refractive index of the layer, a change in these parameters results in a shift of the resonance wavelength.
The eigenvalue equation for the mth mode propagating in the direction of the fiber axis for an asymmetrically planar waveguide is 23
where n o is the refractive index of the overlay material of the waveguide overlay, n eo is the effective index of the propagating mode, is the input wavelength, d is the overlayer thickness, and m is an integer. 1 and 2 are given by
where n 1 is the fiber cladding's refractive index, n 2 is the external refractive index, and is equal to 1 for TE polarization and ͑n o ͞n i ͒ 2 for TM polarization. Assuming that the film is anisotropic, uniaxial with the optical axis normal to the surface ͑column directions͒, different values of the refractive index of the layer for TE and TM polarizations have to be considered ͑n oTM , n oTE ͒. The index-matching condition is satisfied when n eo ϭ n ef , where n ef is the effective index of the propagating mode of the optical fiber.
Hence the expressions for TM and TE resonances obtained from consideration of the index-matching condition are
where the refractive index of the layer for TE or TM polarization has been introduced in the Eqs. ͑1͒ and ͑2͒ depending on the considered mode. It is necessary to highlight the importance of taking into account the dispersion law of the refractive indices of all the components of the system ͑core fiber, cladding fiber, and film͒ in the calculation of the resonances along the spectrum. In the case of our SPF device, the overlayer is porous. For porous materials, adsorption of water molecules and capillary condensation occur when the RH of the environment increases. The process of filling the pores with water takes place in three steps. First, water-vapor molecules are physically adsorbed on the walls of the pores owing to the action of shortrange interaction forces between adsorbent and adsorbate. In the second step, when the RH increases, capillary condensation of water in the pores takes place. The last step starts when the pores are completely filled with water, and bulk condensation begins over the external surface of the solid.
The water-filling process of the pores causes an increase in the effective refractive index of the porous material. The adsorbent-adsorbate system can be described as a material-air-water mixture. The volume fraction of water increases during the filling, and the volume fraction of air decreases, resulting in a higher value of the effective refractive index. The refractive-index variation consequently causes a shift in the wavelength of the resonance. This shift is approximately proportional to the variation of the refractive index of the layer for small variations. This assumption was checked by use of Eq. ͑7͒ to calculate the resonance shift of the sixth TE mode versus the overlayer's refractive index. The calculation was carried out by consideration of n ef ϭ 1.46 and d ϭ 1212 nm. All these values are similar to the TiO 2 -SPF system under study. The result of the simulation is showed in Fig. 1 . The linear relation of the refractive index of the layer and the resonance shift for changes of the refractive index as high as 0.1 can be observed. So it can be concluded that the shift of the resonances is proportional to the refractive index and therefore to the amount of water adsorbed by the overlayer. 16 The curves of the resonance shift against the RH at a controlled temperature are adsorption isotherms, and they are determined by the shape and the size of the pores. Hence the nanostructure of the material can be derived by measurement of the response of optical properties to changes of RH. This fact will be used in Subsection 2.C to calculate the pore size distribution of the material under study.
B. Ellipsometric Measurements of Water Adsorption
It is known that the light flux transmitted by an ideal rotating-polarizer ellipsometer is 24
where p is the rotation frequency of the polarizer. A Fourier or Hadamard transform is usually used to determine ␣ and ␤. The ellipsometric parameters ⌿ and ⌬ can be extracted from these magnitudes because they verify the following expressions:
where A is the analyzer angle and the ellipsometer parameters are defined as
where r ʈ and r Ќ are, respectively, the Fresnel reflection coefficients parallel and perpendicular to the incident plane.
A change in the RH of the environment produces variations in the amount of water adsorbed in the pores of the film, as was explained in Subsection 2.A. It also produces a change in the ellipsometric parameters, ⌿ and ⌬; therefore information about the water adsorbed in the pores of the material can be ex- tracted. Linear regressions with theoretical models that consider Bruggemann models of the effective refractive index permit us to obtain the profile of water penetration in the material and to detect the bulk condensation over the surface. 15 Besides, the magnitudes tan ⌿ and cos ⌬ have a linear relation with the refractive index of the material for variations as great as ␦n Յ 0.04 and therefore with the amount of water adsorbed. 16 Hence the curves of variations of the ellipsometric parameters against the RH at a controlled temperature are adsorption isotherms. This important conclusion will be utilized to extract the pore size distribution of the film.
C. Pore Size Distribution
As has been explained in Subsections 2.A and 2.B, two measurable optical magnitudes, the shift of resonances and the ellipsometric parameters, are proportional to the amount of water adsorbed in the porous material. It permits us to utilize the Pierce method 18 to calculate the pore size distribution from data obtained from the film behavior at various environments of RH and equal thermal conditions; that is, from the adsorption isotherms. As far as we know, the application of the Pierce method to the shift of the resonance of a SPF device is an original contribution. This method is based on the Kelvin equation
where ␥ is the water surface tension, V L is the molar volume, R is the perfect gases' constant, T is the temperature, and r m is the radius of the pore minus the thickness of adsorbed film on the walls. This expression establishes a relation between the RH and the pore radius in which the capillary condensation occurs. There is an extensive description of the Pierce method in Ref. 18 , and we have applied this method to ellipsometry in Vycor glasses. 16 We perform water adsorption cycles because we are interested in the behavior of the materials under changes of RH at room conditions. The water adsorption cycles provide information about the stability of optical components and the possibility of developing RH optical sensors. Nevertheless, in the literature it is generally assumed that water vapor is not the most suitable gas for pore size determination. Water is a polar molecule with strong intermolecular forces. This fact facilitates the growth of multilayers of adsorbed molecules in the pores during the adsorption process, even though the monolayer is still incomplete in other places of the surface. Therefore the results obtained can be considered only as an estimation of the pore size. Besides, it is necessary to take into account that 1. Water adsorption isotherms were carried out under normal conditions and therefore without an outgassing process. The impurities adsorbed in the pores had not been removed, and the apparent radius pore is smaller than the real one.
2. The procedure described in Ref. 16 to correct the adsorption on the pores' walls before capillary condensation takes place is an approximation.
Experiment
A. Sample Preparation
TiO 2 Film Deposition
Ϫ6 mbar. The substrate temperature ͑200°C͒ during the deposition was less than the usual temperature ͑260°C͒ in order to obtain a stronger columnar structure and therefore to engage the effects in the optical properties. The normalized temperature was T s ͞T m ϭ 0.109, and it corresponds to that in zone 1 in the SZM, which predicts a columnar morphology with domed tops. The optical thickness of the evaporated layers was measured with photometric techniques, resulting in 20͞4 at 450 nm.
Side-Polished Fiber Probe
The optical fiber employed was single mode with a cutoff wavelength at 540 nm ͑Fiber Core, SM 600͒. The thickness of the cladding remaining between the dielectric layer and the core of the fiber was approximately 1.00 Ϯ 0.25 m. The interaction length between the optical fiber and the film was measured to be approximately 14.8 Ϯ 0.1 mm. To polish the optical fiber properly, we placed it inside a V-groove cavity ͑radius Ϸ 425 Ϯ 25 mm͒ in a quartz substrate and glued it with an epoxy resin. This component was acquired from the Departamento de Física Aplicada ͑Universidad de Zaragoza, Spain͒. The effective index of the fiber was obtained prior to the deposition of the overlayer when different Cargille refractive-index liquids were placed over the SPF, and the maximum attenuation was detected. The value obtained was n D ϭ 1.460 Ϯ 0.004.
B. Experimental Setup
Spectrometric Ellipsometry
A rotating-polarizer spectroscopic ellipsometer ͑SO-PRA, ES-4G͒ was used to measure the thickness and the optical constants of sample 1. The ellipsometer's nominal repeatability was 0.005 for the ellipsometric parameters tan ⌿ and cos ⌬, and the spectral range employed was 400 -800 nm.
The sample was measured at three incidence angles ͑54.93°, 64.95°, and 69.95°͒ to determine the possible anisotropy and inhomogeneity of the layer. The RH and the temperature during the measurement were 30% Ϯ 2% and 23°C Ϯ 1°C, respectively.
A climatic chamber, specially designed to be coupled to the ellipsometer at a 70°incidence angle, was used to perform in situ measurements of the change of optical properties with RH. The stability of the chamber is Ϯ1% for RH, and its working range goes from 7% to 90% RH. The temperature during the measurement was 25.5°C Ϯ 0.5°C. Temperature and RH inside the chamber were measured with a commercial sensor ͑VAISALA, PHM 233 with the probe HMP46; accuracy of 0.2°C and 1% RH͒.
Coupling Modes in the Side-Polished Fiber Device
The experimental setup for measuring the resonances of the coupling modes between the fiber and the dielectric film is showed in Fig. 2 . A white-light beam emitted by a halogen lamp is injected into the single-mode optical fiber by use of a microscope objective and is detected with a spectrometer ͑Instrument Systems, Model Spectro 320͒. A Glan-Thompson polarizer was placed between the microscope objective and the optical fiber to permit us to select TE or TM mode resonances. An environmental chamber was used to change the humidity conditions of the SPF device. The temperature and RH were measured with a standard commercial sensor ͑HMI 31 from VAISALA; accuracy of 0.3°C and 2% in temperature and RH, respectively͒.
Results and Discussion
A. Optical Properties
Spectroscopic Ellipsometry
To extract information about the optical properties and the thickness of the film from the ellipsometric measurements, we propose the following theoretical model ͑Fig. 3͒. The TiO 2 film is considered inhomogeneous, with superficial roughness. Inhomogeneity is simulated by a 20-sublayer model with a linear gradient of refractive index that is calculated by the introduction of a variable concentration of void de- pending on the layer number. The refractive index of every layer was calculated with the Bruggeman model of effective index and the Sellmeier dispersion law with a Lorentz absorption peak at 282 nm. Hence the dispersion law expression was the following:
where ⑀ r is the real part of the dielectric constant, ⑀ i is the imaginary part of the dielectric constant, is the wavelength, A, B are the Sellmeier coefficients, 0 is the central wavelength of the Lorentz absorption peak, C is the amplitude of the Lorentz peak, and ␥ is the width of the Lorenz peak. Finally, a top layer ͑the rough surface in Fig. 3͒ was included to simulate the surface microroughness of the layer. Higher standard deviations result from regressions with simpler models. The regression was simultaneously performed over three measurements at different incidence angles ͑54.93°, 64.95°, and 69.95°͒. Measuring at three angles increases the confidence about the parameters under adjustment, and it is absolutely necessary in order to extract accurate physical parameters from anisotropic samples and inhomogeneous films.
The values of the fit parameters obtained from the regression are shown in Table 1 . The refractive index versus for sublayer 1 ͑the sublayer closest to the ambient͒ and for sublayer 20 ͑the sublayer closest to the substrate͒ can be observed in Fig. 4 . Sublayer 20 has the highest value of the refractive index, and the difference between both sublayers is 0.234 at 633 nm ͑2.193 at 633 nm and 2.327 at 633 nm͒. This strong gradient is due to the low value of the substrate temperature during the deposition ͑200°C, T s ͞ T m ϭ 0.109, zone 1 in the SZM͒. A higher degree of homogeneity layers can be obtained with the same deposition experimental setup when the substrate temperature is increased. The lower the substrate temperature, the higher the inhomogeneity of the film.
This fact is in complete agreement with the columnar structure of the film. The nanostructure of films deposited by evaporation methods presents a conical columnar shape. In the first stages of film deposition, 25 small structural elements act as the basis for later-growing dentrites. Therefore the size of pores that are closest to the substrate is determined by the distance between these basic elements. During film-thickness growth, the structural units tend to cluster into larger groups. The voids in the group are closed, such that larger voids appear between the groups than between the dentrites, and these groups of dentrites form the observed columns. The agglomeration to larger columns, following that mechanism, proceeds with increasing film thickness. These larger voids form the greater pore size of the top surface of the film, and that explains the conical shape of the columns. By use of a low substrate temperature during the deposition, the conical structure ͑and therefore the inhomogeneity of the film͒ and, consequently, the porosity of the film are created. In this sense, porosity can be tailored, and this is useful for the design of specific sensors.
The marked gradient of the refractive index profiles other minor characteristics of the film such as anisotropy. A model that assumes anisotropy of the layer is due to the columnar structure of the film was tested. In this model the film is considered a uniaxial material with the optical axis normal to the surface of the film ͑following the columns' direction͒. The resulting regression has a higher, but acceptable, value ͑0.0015͒ of the standard deviation. The ordinary refractive index obtained ͑polarization is normal to the optical axis; identical polarization to the film's TE guided mode͒ is 2.260 at 633 nm, and the extraordinary refractive index is 2.273 at 633 nm ͑polariza-tion is parallel to the optical axis; identical polarization to that of the film's TM guided mode͒. The difference obtained between the ordinary and the extraordinary refractive indices is 0.013. These results are in agreement with Refs. 8 and 9. This value is 1 order of magnitude lower than the effect produced by the inhomogeneity. Therefore it cannot be stated that the film is anisotropic without other measurements that are complementary to the ellipsometric ones. It can be observed that the refractive indices for TE and TM polarizations are approximately equal to the averaged refractive index ͑2.26 at 633 nm͒ obtained from the results of the inhomogeneity model. These results verify the coherence of our models.
Side-Polished Fiber Resonances
The experimental spectral response of the SPF device ͑36% Ϯ 1% RH and 21.5°C Ϯ 0.5°C͒ is showed in Fig.  5 . In this plot the resonances of the TE and TM coupling modes between the fiber and the film are displayed. The theoretical model explained in Subsection 2.B and the values described in Subsection 3.A were used to simulate the experimental data. To simplify the model, we considered the film homogeneous. The optical dispersion of the components of the system ͑fiber and film͒ has also been taken into account. The dispersion law chosen for the fiber was a secondorder Sellmeier law 26 :
The coefficients of the Sellmeier law for the effective index and the cladding refractive index of the fiber were Taking all these considerations into account, we can fit the theoretical data to experimental points with a high degree of agreement if anisotropy is introduced. The film dispersion law and the total thickness of the film obtained from the ellipsometric measurements were used with a concentration of void equal to 0.05 for TM modes and 0.063 for TE modes. The different values of the void concentration for TE and TM provide the characterization of the film anisotropy. It corresponds to a value of the refractive index equal to 2.198 at 633 nm for TM polarization and 2.182 at 633 nm for TE polarization. We have assumed that the film is homogeneous to simplify the calculus of the resonances. Therefore we have obtained a pseudoaveraged value of the real refractiveindex profile. However, if the TiO 2 layer measured by ellipsometry and the SPF overlayer were identical, a value of the refractive index around 2.26 would be expected. Therefore the pseudoaveraged value indicates the layers of both samples are slightly different in that the SPF overlayer has a higher void concentration ͑lower value of the refractive index͒. Nevertheless, when an anisotropic layer is considered, it can be observed that the difference between the refractive indices for the TM and TE polarizations is small: 0.013 by ellipsometry and 0.016 by SPF measurements. In addition, it is necessary to note that the dispersion law obtained by ellipsometry is directly introduced in the SPF theoretical model. The only modification was an increment of the void fraction. Hence the optical properties and the nanostructure of both samples are similar. Taking all these considerations into account, we can conclude that the results obtained with the theoretical models from the SPF data and from the ellipsometric ones are in complete agreement.
Figures 6͑a͒ and 6͑b͒ represent the perfect agreement between the experimental and the theoretical data and confirm the validity of the theoretical model and the ellipsometric measurements of the optical constants of the film. It can be concluded that the columnar shape of the nanostructure produces the anisotropy and the inhomogeneity of the coating. An absolute agreement between the nanostructure properties and optical properties of the film has been evidenced.
B. Pore Size Distribution
The behavior of sample 1 ͑TiO 2 over a glass substrate͒ under changes of RH was characterized by measurement of the changes in the ellipsometric parameter cos ⌬ at a wavelength of 633 nm. Sample 2 ͑TiO 2 over the SPF͒ was studied by measurement of the resonance shifts at the same wavelength. These water adsorption isotherms provide information about the shape and the size of the pores. Figure 7 shows the adsorption isotherm for sample 1 ͑T ϭ 25.5°C Ϯ 0.5°C͒, and Fig. 8 shows the behavior of sample 2 ͑T ϭ 26.1°C Ϯ 0.6°C͒. Both plots present a lack of hysteresis for the adsorption and desorption branches. The small differences between data of both branches are due to experimental uncer- tainties in the measurement. It is known 18 that cone-shaped pores give a hysteresis-free behavior, and this shape is in complete agreement with the expected nanostructure of evaporated films. Figure 9 displays the resulting pore size distributions calculated from these experimental isotherms with the Pierce method. The pore size distributions have been normalized. The results are summarized in Table 2 . The most probable radius is defined as the radius value corresponding to the maximum of the pore size distribution, and the average radius is
The obtained values are in the range from ϳ8.5 to ϳ25 Å. This is the limit of the validity of the Kelvin equation. The Kelvin equation, and therefore the Pierce method, could be not applicable to microporous materials ͑less than 20 Å͒ whose pore widths are a few molecular diameters of adsorbate. For nitrogen, the limit of the pore radius is estimated as approximately 17 Å, which corresponds approximately to four molecules ͑the nitrogen molecule's diameter is ϳ3.7 Å͒. In our study we used water as adsorbate. The water molecular diameter is approximately ϳ1.3 Å, although it depends on the molecular position. The nitrogen molecule is three times bigger, so we assumed that the ϳ17 Å limit can be reduced. The pore radii of the titania film under study are ϳ10 Å, corresponding to approximately eight molecules of water. Therefore we are close to the validity limit of the Kelvin equation, but it can be still used as a rough method. Of course, the tensile strength and the Kelvin equation are modified, and, probably, the real value of the radius will be higher as is explained in Ref. 18 . It can be observed that the values of the average radius and the most probable radius obtained from the ellipsometric measurements are higher than the SPF probe. As was explained in Subsection 2.B, the SPF device has a high sensitivity to the area of the filmfiber interface, and the ellipsometry provides a global characterization for the transparent layer. Hence it can be concluded that the pore radii of the filmsubstrate interface are lower than those of the filmambient interface. Again, this agrees with the assumption that columns have a conical shape.
The different sensitivity of both techniques also explains the difference in values between the most probable radius and average radius obtained by ellipsometry and those values from the SPF device measurements. Note that the pore size distribution obtained by ellipsometry is wider than the distribution obtained from the SPF device because all the pores along the thickness of the transparent layer contribute to the adsorption measurement. In the case of the SPF device, only the pores close to the film-fiber interface contribute, and therefore the size pore distribution is narrower. For a wide distribution, the most probable value can be different from the average value.
In conclusion, we are able to determine the inhomogeneity produced by the dependence of the porosity on thickness of the film by using a combination of both techniques. The fact of different sensitivities of the ellipsometric measurements and the resonance shifts of the SPF permits us to characterize the film properties along its thickness.
C. Correlation Between Nanostructure and Optical Properties of the Film
Summarizing the previous results, we can establish a relationship between the optical properties of these films and their porous nanostructure:
1. Anisotropy of the film has been detected by a SPF device, and it has been verified by ellipsometry. The film is uniaxial with the optical axis normal to the surface. It is in agreement with a columnar structure crossing both film sides.
2. Inhomogeneity has been characterized by ellipsometry and corresponds to a greater material density ͑higher refractive index͒ in the film-substrate interface than the density in the film-ambient surface ͑lower refractive index͒. This is due to the conical shape of the columns formed during the growth process.
3. Optical properties' changes with humidity have been studied. Magnitudes linked to the refractive index of the layer have been studied under different humidity conditions by ellipsometric and SPF probe techniques. The lack of hysteresis in the adsorption isotherms is in agreement with the conical columns of the nanostructure.
4. Finally, the pore size distribution obtained from the adsorption isotherm data confirms the smaller pore sizes in the substrate-film interface, which agrees with the conical-shaped columns. It is necessary to emphasize the novel, to our knowledge, application of the Pierce method to SPF devices in order to obtain the pore size distribution from the resonances shifts of the SPF device.
Conclusion
The application of the Pierce method to the shift of the resonance of a SPF device during an adsorptiondesorption cycle provides information about the pore size distribution of porous films.
Correlation between measurements performed with a SPF and spectroscopic ellipsometry has been demonstrated. A characterization of the film porosity can be achieved with a combination of both techniques. As film porosity can be tailored, studies can be carried on to optimize the water adsorptiondesorption in specific material for thin-film coatings. Traditional methods of adsorption isotherms are volumetric and gravimetric. Thin films are not suitable to be tested with such methods because the adsorptive medium is quite reduced. The correlation between nanostructure and optical properties has become better known from our measurements. The influence on optical parameters in devices that use thin-film coatings can be predicted with these techniques. Fig. 9 . Pore size distribution calculated with the Pierce method from the ellipsometric and the resonance shift data ͑Figs. 7 and 8, respectively͒. 
